As intracellular iron storage molecules, only hydroxymate type siderophores have been reported in ascomycetes and basidiomycetes. This is the first report documenting the presence of mycoferritin in ascomycetes. The fungus, Aspergillus parasiticus (255), is capable of producing mycoferritin only upon induction with iron in yeast extract sucrose (YES) medium. The same has been purified from Aspergillus sps by application of conventional biochemical techniques. The molecular mass, yield, iron and carbohydrate contents of the HPLC purified protein were 460 kDa, 0.012 mg/g of wet mycelia, 1.6% and 6.0%, respectively. The iron content was much lower than Mortierella alpina mycoferritin (17%). Native PAGE revealed the presence of trimeric and monomeric forms of ferritin. Subunit analysis by SDS-PAGE showed a single protein subunit of approximately 20 kDa suggesting structural simplicity of the apoferritin shell. Variation in amino acid composition was noted upon comparison with ferritins of other species. Interestingly, no phenylalanine could be detected in the mycoferritin of Aspergillus sps. The acidic amino acid content was 1.5-1.6 fold higher than mammalian and fish ferritins. The spectral characteristics (UV/VIS and fluorescence) of mycoferritin were akin to equine spleen ferritin. However, circular dichroic spectra revealed a lower degree of helicity.
Introduction
Ferritin, the iron storage protein (450 kDa), plays a dynamic role in iron metabolism by sequestering toxic free iron [1] . Structurally, it consists of a central ferric hydroxy phosphate core surrounded by an outer protective protein shell called apoferritin. The iron content of the core ranges from 0 to 4500 iron atoms per molecule and is a reflection of somatic iron reserves. The apoferritin with 24 subunits is a heteropolymer of H and L types with molecular masses ranging from 18 to 28 kDa [2, 3] . The protein has been extensively characterized from bacterial, plant, animal and human species [1, 4] . However, the understanding of intracellular iron storage in fungal systems is incomplete. Polycarboxylate type siderophores viz; rhizoferrin [5] has been identified as iron storage molecule in zygomycetes. In addition, the presence of mycoferritin [6] , bacterioferritin [7] and zygoferritin [8] has been reported in this class of fungi. The same have been characterized to a limited extent. In asco and basidiomycetes, only hydroxymate type siderophores [9] with high formation constants such as rhodotorulic acid [10] , coprogens [11] , fusarinines [12] and ferrichromes [13] have been identified, in iron deficient growth conditions. To date, no ferritin-like molecule 0378 has been reported in asco and basidiomycetes. Attempts by earlier investigators [6] using different extraction and purification procedures have failed to demonstrate the same. In view of the scant information and poor understanding of the status of higher molecular iron storage forms, the present investigation was undertaken. In this communication, the purification of mycoferritin from Aspergillus parasiticus (255) grown in yeast extract sucrose (YES) medium is described. Further, some physical and chemical properties of Aspergillus mycoferritin in comparison with ferritins of other species are presented.
Materials and methods

Culturing and isolation of mycoferritin
A non-toxigenic isolate of A. parasiticus (255) obtained from United States Department of Agriculture, Southern Region Research Center (SRRC), New Orleans, LA; USA was used for the study. The cultures were maintained on potato dextrose agar media. The fungal spores were inoculated in YES liquid culture medium (Yeast extract 2%, Sucrose 15%), pH 6.0, and grown at 28°C for five days, both in the absence and presence of iron (FeCl 3 , 30 lg of Fe 3+ /ml of the medium). Mycelium of the 5-day old culture was used for isolation of mycoferritin, according to a method standardized in our laboratory for mammalian ferritins [14] with modifications. Briefly, the mycelial mass was ground with liquid nitrogen using a mortar and pestle and the fine powder suspended in 10 mM sodium phosphate buffered saline (0.9%), pH 7.4 containing 0.01 mM phenyl methyl sulphonyl fluoride (PMSF). This was subjected to thermal denaturation at 75°C for 10 min, followed by centrifugation at 4500 · g for 30 min in a cold centrifuge. The protein present in the heat-treated supernatant was isolated by ammonium sulphate fractionation in two steps, 0-25% and 25-60% saturation. The precipitate obtained between 25% and 60% saturation was dissolved in a minimum volume of water containing PMSF and dialyzed extensively against distilled water. This was designated as crude mycoferritin (MF).
Purification of mycoferritin
Purification of crude MF was performed by HPLC gel-filtration at room temperature (Shimadzu, Tokyo, Japan), using a Shim pack Diol-150 gel-filtration column (0.79 · 25 cm) in 10 mM sodium phosphate buffer, pH 7.4 containing 200 mM sodium sulphate. Fractions of 1 ml at a flow rate of 30 ml/h were collected and the elution monitored at 280 nm. Appropriate fractions were pooled, dialyzed against distilled water and concentrated to a small volume by freeze-drying (DuraDry. lp; FTS systems, USA). For comparison, commercial equine spleen ferritin (ESF) (St. Louis, Sigma) as reference standard was also run under similar conditions.
Analytical methods
Protein content at different stages of purification was determined by the method of Lowry et al. [15] , using bovine serum albumin (BSA) as standard. Total neutral carbohydrate content on the intact protein was analyzed by phenol sulphuric acid procedure of Dubois et al. [16] , using galactose as standard. Iron content of the protein was determined by the bathophenanthroline method of Frederick et al. [17] , using ferrous ammonium sulphate as standard.
Electrophoresis
Native gel-electrophoresis of purified MF along with commercial ESF was performed in 6% gels with tris-glycine buffer, pH 8.3 at a constant current of 15 mA [18] . Protein bands were visualized either by coomassie brilliant blue or silver staining. Non-heme iron on gels was detected by the ferricyanide method [19] .
SDS-gel electrophoresis
SDS-PAGE of purified MF was performed under reducing conditions in 10% gels along with standard ESF and commercial low molecular weight markers (St. Louis, Sigma), according to the method of Laemmli [20] . Protein bands were detected by coomassie brilliant blue staining.
Amino acid composition
The amino acid composition of purified MF was determined by hydrolysis of the protein (100 lg) with 6 M HCl for 24 h in sealed tubes at 110°C in an atmosphere of nitrogen, followed by analysis of the hydrolysate on amino acid analyzer (Shimadzu, Tokyo, Japan) (LC10AT). The eluted amino acids were quantified by post column derivatization using orthophthaldehyde reagent. The fluorescence intensity of the effluent was measured at the excitation and emission maxima of 348 and 450 nm, respectively [21] .
UV-Vis spectral analysis
The UV/VIS absorption spectra (200-700 nm) of purified MF and ESF (0.1 mg/ml) in 10 mM sodium phosphate buffer, pH 7.4, was recorded in a Spekol 1200, photo diode array based spectrophotometer (Analytic Jena AG, Jena, Germany).
Fluorescence spectra
Apoferritin samples were prepared by reduction of purified mycoferritin and ESF (0.1 mg/ml) by dialysis against 1% thioglycolic acid, pH 4.6 for 18 h [22] . The preparations were then dialyzed against 10 mM trisHCl buffer, pH 7.0 and their fluorescence spectra (300-400 nm) recorded (Ex 280 nm ) in Jasco FP-750 (Easton, USA) spectrofluorimeter.
Circular dichroism
The far UV circular dichroic spectra (195-250 nm) of purified MF and ESF was recorded in a Jasco J-810 (Easton, USA) spectrophotometer at a protein concentration of 0.2 mg/ml in 10 mM sodium phosphate buffer, pH 7.4. Measurements were made at 27°C in cells of 0.05 cm path length and the molar elipticities calculated (/) using a mean residue weight of 115.
Results and discussion
Culturing of A. parasiticus (255), in basal salt medium in the absence and presence of iron failed to demonstrate higher molecular iron storage forms (data not shown). However, ferritin-like protein could be detected in A. parasiticus (255) only upon induction with iron in YES medium. The same has been isolated and purified by application of conventional biochemical methods. Taking advantage of the thermal stability and high molecular weight of the protein, several investigators have isolated ferritin by application of thermal denaturation (75°C, 10 min) of the homogenate followed by ammonium sulphate fractionation [1, 14, 23] . The same method has been adopted for the isolation of mycoferritin in the present study. Protein obtained from heat-treated supernatant by ammonium sulphate fractionation (0-25%) was insoluble in water; hence it was not further studied. On the contrary, the protein recovered between 25% and 60% saturation was soluble in water and had the characteristic amber color. Native gel-electrophoresis of this fraction followed by iron staining revealed bands corresponding to trimeric and monomeric ESF. However, protein staining showed extensive heterogeneity (data not shown).
Purification of crude mycoferritin was attempted by Sephacryl-S-300 gel-filtration in 50 mM sodium phosphate buffer, pH 7.4, a method standardized in our laboratory for purification of mammalian ferritins [14] . However, the method applied was unsuccessful in resolving the protein components present in crude mycoferritin (data not shown). Even the use of tris (50 mM, pH 7.4) and borate buffer (50 mM, pH 8.6) in Sephacryl gel-filtration resulted in incomplete resolution. Purification of crude mycoferritin by DEAE-cellulose chromatography using stepwise gradient elution with sodium chloride in 50 mM sodium phosphate buffer, pH 7.4, improved the resolution; however, the purified MF was still not free from contaminants (data not shown).
Hence the final purification of MF was achieved by HPLC gel-filtration, and the elution profile by this method is shown in Fig. 1 . The retention times (RT) Fig. 1 . Gel-filtration profile of crude mycoferritin of Aspergillus parasiticus (255), by HPLC.
for purified MF (Peak 1) and ESF were 5.33 and 5.40 min, respectively, indicating a molecular mass of 460 kDa for mycoferritin. Native gel-electrophoretic pattern of the HPLC purified protein (Peak 1) along with ESF by protein and iron staining is shown in Fig.  2A and B, respectively. Bands corresponding to monomeric and trimeric ferritins were observed for MF. This observation is not uncommon, as the same has been reported for several species [7, 14, 23, 24] . Thus, it appears from the present study that thermal denaturation of fungal homogenate followed by ammonium sulphate fractionation and HPLC gel filtration is ideal for the purification of MF.
The yield of the purified mycoferritin was 0.012 mg/g of wet mycelia. An iron content of 1.6% was noted for MF by the bathophenanthroline method. This is in contrast to the finding of a high iron content (17%) for Mortierella alpina mycoferritin by Bozarth and Goenaga [6] and horse spleen ferritin. As ferritins of other species, MF of A. parasiticus is a glycoprotein with 6.0% neutral carbohydrate content [14, 23] .
Subunit analysis of MF by SDS-PAGE under reducing conditions revealed a single protein band of approximately 20 kDa (Fig. 3) . A molecular mass of 18.5 and 19.3 kDa have been reported for protein subunits of Phycomyces blakesleeanus and M. alpina mycoferritins, respectively [6, 25] . The findings regarding the subunit pattern of fungal ferritin resemble studies of fish ferritins from our laboratory wherein a single protein band of 21 kDa was observed [23] . Crichton et al. [26] reported a value of 18.2 kDa for HF protein subunit. The observation reflects the structural simplicity of MF. Further, the data are consistent with the accepted postulate that the apoferritin shell is comprised of similar-sized subunits [26] .
The amino acid composition of MF with equine and fish ferritins is presented in Table 1 . Comparison of the amino acid composition with MF of other species could not be made, as the data are scant. Proline, tryptophan, half cystine, methionine and amide nitrogen were not determined. Variations in amino acid composition were observed, upon comparison with mammalian and fish ferritins. Interestingly, no phenylalanine could be detected in MF. The basic amino acid content was similar to mammalian and fish ferritins [14, 23] . However, the acidic amino acid content was 1.5-1.6 fold higher than ferritins of other species suggesting that the MF of A. parasiticus is acidic in nature. The UV/VIS absorption spectrum of MF was similar to that of standard ESF (Fig. 4) and this finding is akin to that of M. alpina MF and other ferritins [6, 27, 28] . The fluorescence and circular dichroic spectra for MF and ESF are shown in Figs. 5 and 6A and B, respectively. The fluorescence emission maxima for ESF and MF were 319 and 328 nm, respectively, which is in agreement with values reported for other species [29] . The red shift in the emission maxima of MF suggests differences in hydrophobicity around the microenvironment of tryptophan. Interestingly, the elipticity in the peptide absorption region (210-222 nm) of the CD spectra for MF differed markedly from that of ESF. The analysis revealed a low degree of helicity for MF and this observation assumes significance in the light of highly ordered secondary structure noted for mammalian ferritins [30, 31] . Whether such conformational variation is advantageous to the protein is presently unclear. Thus, zygomycetes are the only class of fungi wherein the synthesis of zygoferritin and mycoferritin has been reported, in addition to polycarboxylate type siderphores [5] . On the contrary, ascomycetes and basidiomycetes produce only hydroxymate type siderophores, which serves as intracellular iron storage molecules, under iron deficient growth conditions. The present study on A. parasiticus (255) demonstrates that the fungus is capable of synthesizing mycoferritin only upon induction with iron in YES medium. Although earlier investigators screened a variety of fungal species by different procedures, they failed to detect mycoferritin [6] . It is apparent from our investigations that the nature of the medium in the presence of iron has an influence on mycoferritin synthesis. Thus, mycoferritin has been isolated from mycelia by application of conventional biochemical methods and characterized in terms of iron and carbohydrate contents, amino acid composition, subunit and secondary structure. This is the first report demonstrating the presence of mycoferritin in ascomycetes (Aspergillus sps). The finding is significant and may have relevance in taxonomical and evolutionary analysis of fungi. Whether other members of ascomycetes and basidiomycetes produce ferritin-like molecules is an open question and more studies are warranted. Further, as a low iron content of 1.6% was observed for Aspergillus mycoferritin, its role as a major iron storage form remains elusive. Though not exhaustive, the data on mycoferritin in the present study should be of importance in comparative biochemistry of fungal ferritins. Moreover, the role of mycoferritin in the secondary metabolism of fungi is yet to be explored. in HPLC and amino acid analysis is also acknowledged. 
